The effect of dietary fat source (soy oil or a mixture of lard and tallow) and dietary supplementation with antibiotics (a combination of avilamycin at 10 mg kg of feed ؊1 and salinomycin at 40 mg kg of feed ؊1 ) on the bacterial community in the ileum of broiler chickens at different ages (7, 14, 21, and 35 days) was studied using PCR with denaturing gradient gel electrophoresis (DGGE) analysis and bacteriological culture. The bacterial origin of fragments in DGGE profiles was identified by sequencing. Bacterial enumeration results, together with PCR-DGGE profiles, showed that the composition of the microflora was age dependent and influenced by dietary fat source and antibiotic supplementation. An increased incidence of streptococci, enterobacteria, and Clostridium perfringens with age of the chickens was demonstrated. Lactobacilli and C. perfringens were the bacterial groups most strongly affected by the dietary treatments. Moreover, different strains (clonal variants of the alpha-toxin gene) of C. perfringens type A were detected in response to age, dietary fat source, and dietary supplementation with antibiotics.
Although the microbiology of the ceca of chickens has received considerable attention (2, 13, 16, 17) , the small intestine has been less well studied (3, 23) . This is surprising because the jejunum and ileum are the principal sites of nutrient absorption (10, 28) . It is generally accepted that the gut microflora has an impact on avian growth and health and that the activities of the microflora can be manipulated by altering the diet (4, 15, 29) . The effects of dietary carbohydrates have been studied (29, 33) , but the role of dietary fat in relation to avian gut microbial ecology is unknown. The effects of antibiotic "growth promoters" added to the feed appear to be mediated through their impact on the microflora (4, 11) . Gram-positive members of the microflora are the main target for antibiotic growth promoters in poultry feed. These bacteria putatively compete with the host for nutrients and, in the case of Clostridium perfringens, produce toxins (4, 7) . Even more important may be the production of enzymes that deconjugate bile salts, resulting in impaired fat emulsification and lipid absorption (9, 31) .
The majority of the studies investigating host-microfloradiet relationships in chickens have been based on traditional bacteriological culture and identification techniques. Analysis using only culture methods can bias results in favor of the more easily cultivated members of the community (22) . These techniques can also be time-consuming, especially when a large number of samples must be processed. Culture-independent approaches, such as PCR with denaturing gradient gel electrophoresis (DGGE), are useful in studying microbial diversity (20, 21, 26, 27, 34) . The aim of the present study was to use both bacteriological culture and PCR-DGGE to monitor the composition of the bacterial community in the ileal contents of 7-, 14-, 21-, and 35-day-old broiler chickens fed different dietary fat sources and subtherapeutic levels of the growth promoters salinomycin and avilamycin. We focused on the ileal microflora of broilers because of the importance of this intestinal region in nutrient absorption and because preliminary experiments showed that the microflora is the same in this site as in the jejunum (W. T. McBurney and G. W. Tannock, unpublished data).
MATERIALS AND METHODS
Animals, treatment, and sampling. A total of 1,600 1-day-old male broiler chickens (Ross 208) were housed in 32 pens (50 birds per pen). The pens were assigned at random to one of four dietary treatments, where the random allocation of the treatments was balanced in relation to the position in the rearing house (eight replicate blocks). The diets used were wheat-based mash (Table 1) , to which was added either 10% animal fat (A diet), which was a mixture of lard and tallow (1.5:1), or 10% soy oil (S diet). Each diet was left nonsupplemented (Ϫ) or was supplemented (ϩ) with a combination of salinomycin (40 mg kg of feed Ϫ1 ) and avilamycin (10 mg kg of feed Ϫ1 ). Salinomycin and avilamycin were premixed in calcium carbonate before being added to the respective experimental diets. The animals had free access to feed and water and were subjected to continuous artificial illumination. From each pen, 16, 10, 8, and 6 animals were randomly selected at age 7, 14, 21, and 35 days, respectively, and killed by cervical dislocation. The number of birds removed at each sampling time was calculated to ensure that an adequate amount of intestinal material was available for analysis and to avoid major changes in stocking density (kilograms per square meter) during the experiment. The small intestine was rapidly excised at Meckel's diverticulum to the ileocecal junction (ileum). The ileal content was collected and pooled for the chickens within each pen at each sampling time. Samples were divided into aliquots for DNA-based and culture-based analysis. Samples for DNA analysis were stored at Ϫ20°C. The experiments complied with the guidelines of the Danish Ministry of Justice with respect to animal experimentation and care of animals under study.
Enumeration of bacteria. Ileal content (10 g) was immediately transferred under a flow of CO 2 gas into sterile serum bottles containing 90 ml of a prere-duced broth, composed of the following constituents in distilled water (grams per liter): peptone, 2.5; yeast extract, 2.5; NaCl, 0. (19) . The Lactobacillus count was determined using Rogosa agar (Merck 5413 ). This medium was incubated in an anaerobic cabinet (10:10:80 CO 2 -H 2 -N 2 atmosphere) at 37°C for 48 h. Enterobacteria were enumerated on MacConkey agar (Merck 5465) after aerobic incubation at 37C°for 24 h. C. perfringens counts were made using tryptose sulfite agar (Merck 1972 ) supplemented with cycloserine (Oxoid SR088E). C. perfringens colonies were enumerated after 24 h of anaerobic incubation at 37°C.
DNA extraction. Nucleic acids were extracted from the ileal content of broilers essentially as described by Walter et al. (34) . For DNA extraction, 100 mg of ileal content was weighed into a sterile tube containing 300 mg of sterile zirconium beads (diameter, 0.1 mm) and suspended in 1 ml of TN150 buffer (10 mM Tris-HCl, 150 mM NaCl [pH 8.0]). The suspension was vortexed thoroughly and centrifuged at 14,600 ϫ g for 5 min. The supernatant was discarded, and the pellet was washed twice with 1 ml of TN150 buffer. After the final wash, the pellet was resuspended in 1 ml of TN150 buffer. The cells were lysed by physical disruption in a mini-bead beater (Biospec Products, Bartlesville, Okla.) at 5,000 rpm for 3 min and placed on ice to cool. Subsequently, the sample was centrifuged at 14,600 ϫ g for 5 min. A 500-l volume of the supernatant was extracted three times with 500 l of TE (10 mM Tris, 1 mM EDTA [pH 8.5])-saturated phenol, and the residual phenol was removed by extraction with an equal volume of chloroform-isoamyl alcohol (24:1). The nucleic acids were precipitated with 2 volumes of cold ethanol (Ϫ20°C) and 0.1 volume of 3 M sodium acetate and stored overnight at Ϫ20°C. The DNA was collected by centrifugation at 14,600 ϫ g for 20 min at Ϫ4°C, and the pellet was dried at 37°C for 1 h. Finally, DNA was dissolved in 30 l of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 7.5]).
PCR amplification with HDA (total bacterial community) and species-specific primers. Target DNA was amplified using Taq DNA polymerase (Roche, Mannheim, Germany) and a PCR-Express thermal cycler (Hybaid, Teddington, United Kingdom). PCR amplifications of total bacterial community DNA were carried out using primer pair HDA1-GC plus HDA2 and a PCR thermocycling program as described by Walter et al. (34) . To specifically detect lactic acid bacteria and C. perfringens in ileal samples, amplifications with group-specific primers were conducted. Lactic acid bacteria-specific primers (Lac primers) Lac1 and Lac2-GC were used in the procedure reported by Walter et al. (35) . A 324-bp fragment of the C. perfringens genome encoding the alpha-toxin gene (32) was amplified using the Cpa primers Cpa1-GC (CGC CCG GGG CGC GCC CCG GGC GGC CCG GGG GCA CCG GGG GGC TAA TGT TAC TGC CGT TGA-3Ј [the GC clamp is in boldface]) and Cpa2 (5Ј-CCT CTG ATA CAT CGT GTA AG-3Ј) (14) . The reaction mixture (50 l) consisted of reaction buffer (final concentrations, 10 mM Tris-HCl, 2 mM MgCl 2 , and 50 mM KCl [pH 8.3]), each deoxynucleoside triphosphate at 120 M, 0.5 M each primer, 20 g of bovine serum albumin, and 5.0 U of Taq DNA polymerase. The PCR program included 35 cycles of denaturation (1 min at 94°C), annealing (1 min at 55°C), and extension (1 min at 72°C). The integrity of the PCR products was checked by electrophoresis for 15 min in a 2% agarose gel stained with ethidium bromide (5 g ml Ϫ1 ) and viewed by UV transillumination. To identify the PCR amplicons obtained using the Lac primers and to supplement identifications made by sequencing fragments eluted from gel slices, an identification ladder was prepared (34) that consisted of the following reference strains listed in order of migration distance in the DGGE gel:
T . C. perfringens type A ATCC 13124 T was included in the PCR-DGGE analysis as a reference in gels profiling amplicons obtained using Cpa primers.
DGGE analysis of PCR products. The DGGE was performed as reported by Walter et al. (34) , using a 16-cm by 16-cm by 1-mm-thick 6% polyacrylamide gel (ratio of acrylamide to bisacrylamide, 37.5:1), containing a 30 to 55% (HDA1-GC and HDA2 amplicons), a 30 to 45% (Lac amplicons), or a 20 to 35% (Cpa amplicons) gradient of urea and formamide. The similarity of bacterial community profiles within broiler groups (age and diet) was compared within each gel. Representative profiles of each age and diet group were then run in a single gel to obtain comparisons of bacterial communities in birds of different age groups. Therefore, interpretations of similarity and diversity of profiles between different electrophoretic gels did not occur. Profiles were compared using Quantity One version 4.2 software, which is part of the Discovery Series (Bio-Rad Laboratories, 2000) and were performed using Dice's similarity coefficient (D sc ) analysis.
Identification of bacteria by sequencing PCR-DGGE fragments. DNA fragments of interest were excised aseptically from the polyacrylamide gel, placed in 100 l of diffusion buffer, QIAEX II (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, 0.1% sodium dodecyl sulfate [pH 8.0]), and incubated overnight at 4°C to allow elution of the DNA. DNA was recovered using the QIAEX II kit (Qiagen, Hilden, Germany) as specified by the manufacturer. PCR amplification was accomplished using primers without the GC clamp. To avoid PCR artifacts with respect to heteroduplex formation and thereby obtain only the desired fragment, the number of cycles in the original thermocycling program was reduced to 15 or 20 cycles. The resulting PCR products were purified using the QIAquick PCR purification kit (Qiagen) and cloned into Escherichia coli DH5␣ by using the pGEM-T vector system (Promega, Madison, Wis.). To isolate plasmid DNA of selected transformants, 1.5 ml of the culture medium (24) was centrifuged for 5 min at 14,600 ϫ g. The pellet was resuspended in 100 l of GTE buffer (50 mM glucose, 25 mM Tris, 25 mM Tris-HCl, 10 mM EDTA [pH 8.0]) and subsequently in 200 l of 0.2 M NaOH-1% sodium dodecyl sulfate-solution and placed on ice for 10 min. Then 150 l of 5 M potassium acetate was added, and the sample was cooled on ice for 10 min. After two successive centrifugations in which the supernatant was retained, 900 l of cold ethanol (Ϫ20°C) was added and the precipitated plasmid DNA was collected by centrifugation. Prior to sequencing, the plasmid DNA and the original template DNA, from which the band was excised, were subjected to 15 and 35 PCR thermal cycles, respectively, using the HDA1-GC and HDA2 primers and were checked by DGGE. Only products that migrated as a single band and to the same position with respect to the original sample were used for sequencing. For sequencing, the pGEM-T insert DNA was amplified using sequencing primers T7 and Sp6 (Promega). Sequencing was carried out by the Centre for Gene Research, University of Otago, Dunedin, New Zealand, as described by Walter et al. (34) . The sequences retrieved were compared with the GenBank database using BLAST algorithm (1). Unless otherwise stated in Results, the BLAST search gave similarity values greater than 99% to database sequences. Statistical analysis of culture results. Values in the text are presented as least-square means Ϯ standard error of the mean. The experiment can be regarded as a common 2 ϫ 2 factorial design (30) , and the statistical analysis was accomplished using the general-linear-models procedure of SAS (25) . The statistical analysis was based on the following model:
where Y ijk is the observed response, the overall mean, and ␣ i , ␤ j , and ␥ k denote the effect of fat, antibiotic, and block, respectively. The interaction between fat and antibiotic is designated (␣␤) ij . Finally, ε ijk Ϸ N(0, 2 ) is the random error. The model was verified by plotting the residuals against the predicted values and by use of quantile plots of the residuals. In cases where the interaction was not significant (P Ն 0.05), it was omitted from the model. If an overall effect was significant (P Ͻ 0.05), differences between means were compared pairwise (pdiff). For comparison of means of age effects, Student's t test was applied (30) .
RESULTS
Bacterial enumeration by culture. The bacterial populations in the ileal contents of broilers aged 7, 14, 21, and 35 days, fed the experimental diets, are shown in Table 2 . From days 7 to 35, the counts of lactose-fermentative and nonfermentative enterobacteria increased (P Ͻ 0.001). The C. perfringens population also increased (approximately 3 log units) from days 7 to 35 (P Ͻ 0.001). On average, lactobacilli were abundant in all age groups, and the viable counts were unaffected by the dietary lipid source. The number of lactobacilli was reduced in the ileum of 14-and 21-day old broilers fed the diets supplemented with antibiotics (Table 2 ). In general, the number of enterobacteria was unaffected by lipid source and antibiotic supplementation during the entire growth period. In contrast, the viable count of C. perfringens was influenced by both lipid source and antibiotic supplementation. The number of C. perfringens was smaller in the soy oil-fed broilers than in the broilers fed animal fat (Table 2 ). Reduced counts of C. perfringens were also observed in broilers fed antibiotic-supplemented feed compared to those in broilers fed the nonsupplemented diets ( Table 2 ). The effects of antibiotics and fat source were additive: statistical analysis did not show a significant interaction between the two factors.
DGGE profiles generated with HDA (total-microflora) primers. Although some minor differences were noted in position, staining intensity, and number of DNA fragments present, the ileal bacterial community profiles were consistent within replicate pools of each age group. An example is provided in Fig. 1 , in which profiles from pools of ileal contents of 7-day-old birds are shown. The D sc values indicated that a large proportion of the fragment profile (average, 73.8%; standard deviation, 8.6) in each of these birds was shared, regardless of the dietary group. Comparison of representative DGGE profiles from all groups (Fig. 2) showed an effect of age and dietary supplementation on the composition of the microflora in the ileum of broilers. Average D sc values showed increasing disparity between the profiles of different age groups (7 days old compared to 14 days old, 71.8%; 7 days old compared to 21 days old, 50.7%; 7 days old compared to 35 days old, 47.9%). 16) . DGGE profiles generated with Lac primers. All of the fragments detected by PCR with Lac primers plus DGGE could be identified by reference to the Lactobacillus species ladder. The presence of the four different Lactobacillus species detected by PCR with HDA primers plus DGGE and DNA sequencing was confirmed using the lactic acid bacteria-specific primers ( Fig. 3; L. johnsonii, L. crispatus, L. salivarius, and L. reuteri). L. salivarius was not detected in birds fed the antibiotic-supplemented diet containing animal fat.
DGGE profiles generated with Cpa primers. The DGGE profiles generated with Cpa primers (Fig. 4) revealed two fragments in Cpa amplicons from 14-and 21-day-old chickens fed the A Ϫ diet (fragments a and b in lane 6 and fragments a and c in lane 10), while only one fragment was present in the amplicons from chickens fed the S Ϫ diet (fragment a in lanes 8 and 12). An antibiotic-associated effect in 14-and 21-day-old chickens was detected, which was more noticeable in the youngest birds. Thus, two fragments were detected in chickens fed the A Ϫ diet (fragments a and b in lane 6 and fragments a and c in lane 10), but none or one fragment was detected in 14-and 21-day old chickens fed the A ϩ diet, respectively (lane 7 and fragment a in lane 11). One fragment was present in 35-day-old chickens irrespective of the dietary treatment (fragment d in lanes 14 to 17). Fragment a had a migration distance similar to that of the reference strain (lanes 1 and 18) . Sequencing of the fragments and subsequent nucleotide alignment showed that the alpha-toxin genes differed from each other by a few nucleotides (fragment a, GenBank accession number AF477010; fragment b, AF477008; fragment c, AF475144; fragment d, AF477009), which explained the different migration distances in the denaturing gel. Amino acid alignment of the alpha-toxins ( Table 3 ), showed that fragment a was different from fragments b, c, and d at positions 174 (Ala174 to Asp174) and 177 (Thr177 to Ala177). Fragments b, c, and d had the same amino acid sequence.
DISCUSSION
The study showed that the ileal contents of chickens of different ages that were fed different dietary supplements harbored a bacterial community of relatively simple composition in which lactobacilli, streptococci, and C. perfringens were com-FIG. 1. PCR-DGGE profiles (30 to 55% denaturing gradient gel) generated from ileal template DNA from 7-day-old chickens, using primer pair HDA1-GC plus HDA2. Lanes 1 to 8 are from replicate pooled samples from 16 chickens fed the S Ϫ diet, and lanes 9 to 16 are from replicate pooled samples from 16 chickens fed the S ϩ diet. Note the consistency of profiles detected in birds of the same age. monly detected. Other bacterial populations were present, as demonstrated by faintly staining fragments in DGGE gels, but the center of our focus was on the fragments that were affected by dietary modification. Both PCR-DGGE and bacteriological culture showed that the composition of the ileal microflora changed in relation to age of the birds. Streptococci were not detected by PCR-DGGE in the youngest chickens but were present in older birds. A culture medium selective for streptococci was not included in the study, so that quantitative information about these bacteria was not obtained. An identification of the streptococci to species level was not accomplished by the BLAST search, but S. alactolyticus has been isolated in a previous culture-based study of broiler chickens (A. Knarreborg, unpublished data). Enterobacteria and C. perfringens became more numerous as the chickens grew older.
Regardless of age and dietary treatment, the total counts of lactobacilli were Ͼ10 7 CFU g of ileal content Ϫ1 . Lactobacillus counts were lowered in 14-and 21-day-old chickens fed antibiotics. An insight into the composition of the Lactobacillus population was provided by DGGE using HDA as well as Lac primers. Four Lactobacillus species were detected by PCR-DGGE, of which L. salivarius was detected only in 35-day-old birds. L. salivarius was not detected in birds fed the animal fat-supplemented diet containing antibiotics. Thus, PCR-DGGE detected a modification in the composition of the bacterial community that was not demonstrated by observation of total Lactobacillus numbers. Other Lactobacillus species must have proliferated in the absence of L. salivarius such that the total number of lactobacilli remained constant.
C. perfringens was present in small numbers in 7-day-old chickens, but its numbers increased gradually thereafter in birds that had not been given antibiotics. C. perfringens numbers were even smaller when the diet contained soy oil. Both PCR-DGGE profiles of total bacterial community and counts of C. perfringens showed an additive effect between fat source and antibiotics, particularly in 35-day-old birds. A dietary effect was not demonstrated in this age group when Cpa primers were used to detect the clostridia. This showed that primers with different PCR detection limits can be useful when screening for changes in the composition of the microflora where the species of interest are present in all animals but of different population sizes. A possible explanation for the additive effect of soy oil and antibiotics on clostridial numbers could be that both of the antibiotics have lipophilic properties (18) . Hence, the activities of these substances may be influenced by the dietary fat source. Due to a higher content of unsaturated fatty acids, soy oil exhibits a higher solubility in the micellar phase (10) , which may facilitate an enhanced dispersion of antibiotics in the small intestine. The type of fat source is also likely to indirectly influence the intestinal microflora through its impact on viscosity of the digesta, intestinal transit time, and digestion in the small intestine (6). Our observations concerning the impact of dietary fat source and antibiotics on the ileal clostridial population were particularly important because it may be possible to relate clostridial numbers to bile salt hydrolase activity in the small intestine and growth performance in broilers (5, 9). Further, a lower incidence of C. perfringens in the on July 7, 2017 by guest http://aem.asm.org/ small intestine of chickens may reduce the likelihood that the birds will develop necrotic enteritis (7) . Salinomycin, which is widely used as an anticoccidial drug, inhibits the growth of C. perfringens (7, 8) . The continued use of salinomycin in broiler feed may be responsible for the fact that broiler producers have not noticed an increase in acute or subacute necrotic enteritis following the mandatory withdrawal of other antibiotic feed additives from farm use in Europe (7). The DGGE profile generated with Cpa primers showed that different strains of C. perfringens type A, based on clonal variation of the alpha-toxin gene, were present in the ileum of chickens in the different experimental groups. Ginter et al. (12) demonstrated that the amino acid sequence of the alpha-toxin produced by the type culture of C. perfringens type A differed from the sequences of the alpha-toxins produced by isolates of C. perfringens from the small intestine of calves and that these amino acid changes were responsible for the different immunological properties of the toxins (12) . There is thus clonal variation of the alpha-toxin gene among strains of C. perfringens inhabiting the gut of farm animals. The impact of this clonal variation on chicken welfare, if any, should be further investigated by inoculating birds with variant strains and determining the effect on broiler growth.
In conclusion, enumeration of bacteria by culture demonstrated an effect of antibiotics on the total Lactobacillus population and an effect of fat source and antibiotics on the C. perfringens population in ileal contents of broilers. Both PCR-DGGE and bacterial counts showed that the composition of the microflora changed in relation to the age of the chickens. PCR-DGGE analysis revealed details of the species composition of the Lactobacillus population and of the impact of antibiotic administration and dietary fat source on L. salivarius and C. perfringens and detected clonal variation within the C. perfringens population. Thus, the culture-dependent and independent methods were complementary and permitted a detailed analysis of the ileal microflora in relation to age and dietary treatments.
